A B S T R A C T The interrelationships of arterial oxygen flow rate index, oxygen binding by hemoglobin, and oxygen consumption have been examined in patients with acute myocardial infarction. Proportional extraction of oxygen increased in close association with decreasing oxygen flow rate, and hence, whole body oxygen consumption was constant over nearly a threefold variation in arterial oxygen flow rate. A reduction in hemoglobin-oxygen affinity at in vivo conditions of pH, PCo2 and temperature also occurred in proportion to the reduction in arterial oxygen flow rate. Therefore, the increased proportional removal of oxygen from arterial blood at low oxygen flow rates, required to maintain oxygen consumption, may have been facilitated by the reduced affinity of hemoglobin for oxygen at in vivo conditions. However, the decrease in affinity did not appear to explain more than 30-40%0 of the increased extraction.
INTRODUCTION
Decreased hemoglobin concentration, oxygen saturation of hemoglobin, or blood flow can result in a decrease in systemic arterial oxygen flow, an increase in red cell 2,3-diphosphoglycerate (2,3-DPG)' and a decrease in hemoglobin's affinity for oxygen at standard conditions of measurement in vitro (1, 2) . The first two causes of reduced oxygen flow, anemia (1) (2) (3) (4) and hypoxia (1, 2, 4-6) have been studied extensively. Few studies have been made of red cell adaptive changes during low blood flow states. W~oodson, Torrance, Shappell, and Lenfant (7) and Metcalfe, Dhindsa, Edwards, and Mourdjinis (8) , studying patients with chronic cardiac decompensation, have shown that reduced cardiac output is associated with elevated red cell 2,3-DPG (7) and decreased hemoglobin-oxygen affinity (7, 8) . Kostuk , Suwa, Bernstein, and Sobel observed decreased affinity after acute myocardial infarction (9) . However, P50 did not correlate with cardiac index (CI) or with red cell 2,3-DPG, leaving the pathogenesis of the affinity change in doubt.
Our studies were undertaken to examine in further detail (a) the effect of acute myocardial infarction on oxygen binding by hemoglobin at in vivo conditions; (b) the relationship of changes in blood flow and arterial oxygen content to changes in affinity; (c) the role of altered pH, oxygen saturation, and red cell 2,3-DPG content in the modulation of the affinity changes; (d) the role of changes in hemoglobin-oxygen affinity in the maintenance of whole body oxygen utilization; and (e) the usefulness of changes in red cell 2,3-DPG A bbreviations used in this paper: BE, basic excess; CI, 
METHODS
Study population. 62 consecutive patients (44 men and 18 women, aged 30-66) with acute myocardial infarction were studied in the Myocardial Infarction Research Unit (MIRU) of the Strong Memorial Hospital. History, electrocardiographic changes, and elevated levels of serum glutamicoxaloacetic transaminase, lactic dehydrogenase, and creatine phosphokinase confirmed the diagnosis of acute myocardial infarction in 61 of the 62 patients. 33 subjects had anterior or anterolateral wall infarction and 26 had diaphragmatic infarction. One patient had unstable angina without infarction. In two patients, although infarction was definite from history and changes in serum enzymes, the site of the infarct could not be determined electrocardiographically.
Of the total 62 patients studied, 13 consecutive patients were studied in detail, prospectively. Data from the 49 additional patients were obtained retrospectively from measurements made on all patients admitted to the MIRU. All patients were classified as to the severity of clinical disease as described by Interiano, Hyde, Hodges, and Yu (10) . At entrance to the M I RU, 19 patients were in class I (no evidence of congestive failure); 24 in class II (rales and third heart sound); 12 in class III (pulmonary edema); and 5 in class IV (cardiogenic shock). These clinical classifications were made without knowledge of the results of the oxyhemoglobin affinity studies, and were independently reviewed and confirmed.
Hemodynamic studies. A Swan-Ganz balloon catheter was passed to the pulmonary artery and an 18-gauge long-dwell catheter was placed in the brachial artery in each patient. Pulmonary artery, pulmonary capillary wedge, and systemic artery pressures were monitored through either Statham p37 or Micron Instruments MP-15 pressure transducers (Statham Instruments, Inc., Oxnard, Calif.; Micron Instruments, Inc., Los Angeles, Calif.) and recorded on a Brush direct writer. (Brush Instruments Div., Cleveland, Ohio). Cardiac output was determined by either indicator dilution or thermal dilution technique. Indicator dilution curves were inscribed after 2 ml of indocyanine green dye was injected into the pulmonary artery and blood was withdrawn from the brachial artery with a Harvard constant withdrawal pump (Harvard Apparatus Co., Inc., Millis, Mass. and S02 of the pulmonary artery blood by an extrapolation to P50 made on the assumption that the observed P02 and S02
were on a sigmoid curve that paralleled the standard oxyhemoglobin dissociation curve. Calculation of Hb/HbO2 time-averaged (ta) ratio, hemoglobin flow index, oxygen content, oxygen flow index, oxygen consumption and P5o in vivo. The ratio of the proportion of deoxyhemoglobin (Hb) to oxyhemoglobin (HbO2) was calculated in systemic and pulmonary arterial blood. Based on the estimate that 40% of the blood volume is distributed on the arterial side of the circulation and 60% on the venous side, the following formula was used to derive an estimate of the time-averaged ratio: Hb/HbO2 (ta) = 0.4(Hba/HbO2a) + 0.6(Hb-/HbO2-). Hemoglobin flow index (HFI) was calculated by the formula: HFI (g/min per M2) = Hb (g/liter) X CI (liter/min per M2). Oxygen content of blood was calculated by the formula: C02 (ml/liter) = Hb (g/liter) X 1.39 (ml/g) X So2 (proportional saturation). Oxygen flow index (OFI) was calculated by the formula: OFI (ml/min per m2) = C02 (ml/liter) X CI (liter/min per M2)
Oxygen consumption was calculated from the formula: V02 (ml/min per m2) = OFIa -OFIv P5o std was converted to an estimate of the P50 present in vivo in arterial blood by the formula: log P50 i.V. = log P50 std + 0.48 (7.40 - (Table II) . OFIa, i.e. the product of Hb, Sao, and CI, representing the summation of oxygen availability as blood approaches tissue capillaries, was more strongly correlated with P50 std than was its components. However, the association of Cao2, the product of Hb and Sao2, with P5o std was as strong as that of OFIa with P50 (Fig. 2) . In view of this, we considered the possibility that CI was correlated with P50 std as a result of a dependence of CI on Cao2. However, the correlation of CI with Caoa was weak and not significant (Table II) important determinant of red cell glycolytic rate (17) and also of the steady-state level of 2,3-DPG (18) . Two important mechanisms may initiate an alteration in red cell pH: one is a change in plasma pH, since red cell pH is directly dependent on plasma pH (19) , and a second is an increase in the ratio of deoxygenated to oxygenated hemoglobin (20) . The latter effect occurs because Hb binds protons more avidly than HbO2.
The effect of such a change in intracellular pH is dual. An instantaneous result on oxygen binding by hemoglobin is mediated by the Bohr effect (21) . A later effect of red cell pH appearing after 36-48 h is an alteration in red cell 2,3-DPG content (22) . Reduction in Hb/HbO2 ratio also has a pH-independent delayed effect that may further influence red cell 2,3-DPG content. Deoxygenated hemoglobin has a higher affinity for 2,3-DPG than HbO2. By increasing the Hb/HbO2 ratio, free 2,3-DPG is decreased and acceleration of 2,3-DPG synthesis occurs (20) . Since Hb/HbO2 ratio will be markedly different in arterial and venous circulations, a weighted average of the two ratios was used to evaluate its relationship to oxygen flow (see Methods) . The dependence of red cell 2,3-DPG on arterial pH, Hb/HbO2 (ta), or both was examined.
There was a moderately strong and significant positive correlation of red cell 2,3-DPG content with arterial pH (r = 0.46) and with Hb/HbO2 (ta) (r = 0.55). The multiple correlation of 2,3-DPG with both arterial pH and Hb/HbO2 (ta) was stronger and highly significant: r = 0.68, P < 0.001 (Table IV) . Alkalosis was a constant feature in these patients. Mean arterial pH 7.493+0.039 (SD) was significantly higher than normal (7.400±0.055). The pH range of 7.42-7.57 in the 13 subjects indicates that the entire study population was shifted into the alkalotic range.
Pco2 was low and base excess slightly elevated in arterial blood (Table I) .
Relationship of Cao2 and CI to blood pH and Hb/HbO2 (ta). We next considered the possibility that CaO2 and CI exerted their influence on red cell, 2,3-DPG in one of the following ways. Firstly, changes in CaO2 and CI might have influenced 2,3-DPG by influencing arterial pH or Hb/HbO2 (ta). Alternatively, they may have influenced 2,3-DPG independently of an effect on pH or the ratio.
Cao2 was correlated significantly, although only moderately, with both arterial pH (r = -0.43) and Hb/HbO2 (ta) (r = -0.49). The multiple correlation of Cao2 with both pH and Hb/HbO2 (ta) was stronger (r = 0.60, P < 0.01) (Table IV) . CI was not correlated with arterial pH (r = 0.03) and correlated weakly and not significantly with Hb/HbO2 (ta) (r = -0.38).
Red cell 2,3-DPG was found to be correlated independently with Cao2 (r = -0.48) and CI (r = -0. 34 (Fig. 4) , and with CI + Cao, (multiple correlation) (r = 0.67, P < 0.001) ( Table IV) . Relationship of oxygen consumption to OFIa and P50. Oxygen consumption after myocardial infarction was independent of Cao, (r = -0.22), CI (r= 0.06), or OFIa (r = 0.04) over a wide range of OFIa from 288 to 811 ml/min per m2 (Fig. 5) . The maintenance of Vo2 was explained by a marked proportional increase in oxygen extraction as arterial oxygen flow rate fell. Indeed, the correlation of extraction with OFIa was highly significant (Fig. 6) . Extraction increased 7.0%7 for every 100 ml/min per m2 decrement in OFIa.
In addition, as can be seen in the Table insert in Fig. 5 , a stepwise increase in P50 in vivo also occurred when the subjects were divided into three groups of equal numbers by decreasing OFIa. Indeed, proportional extraction was strongly associated with P50 in vivo (r = 0.64, P <0.01) (Fig. 7) was inversely correlated with CI and Cao2, measured on the day after the serum enzyme measurement (data not shown).
We examined the possibility that P50 std might also reflect the severity of the infarction as judged by clinical criteria. Oxygen flow, binding, and utilization as well as blood pH and Hb/HbO2 (ta) were calculated in the 49 patients in the MIRU who were studied retrospectively (Table VI) . Mean arterial pH was elevated in each class of patients. However, the proportion of subjects with arterial pH below 7 (r = 0.51, P < 0.001), it was most strongly associated with OFIa (r = 0.60, P < 0.001).
P50 std of 17 normal subjects measured in our laboratory was 26.6±0.75 (SD) torr. Mean initial P50 std was similar to normal in class I patients, whereas it was significantly elevated in class II patients and highly significantly elevated in class III patients. In class IV subjects, Pso std was not increased significantly.
P50 std was significantly (P < 0.05) but weakly correlated with CI (r = -0.23), Cao2 (r = -0. 31) and OFIa (r = -0.36) in the 49 subjects studied on admission to MIRU. These correlations were stronger if class IV subjects were omitted. Moreover, the correlations are a function of time-dependent changes in red cell 2,3-DPG that may not have occurred at the time of the initial study.
P50 in vivo was significantly elevated in subjects in class II (Fig. 3B) .
mean oxygen consumption (Vo,) increased slightly in class II and III subjects as compared to class I subjects. Like P50 in vivo, Vo2 did not increase in class IV patients; rather, the latter two variables were not different from class I subjects. The possible quantitative role of oxygen-hemoglobin affinity in maintaining tissue oxygen consumption was examined (Fig. 9) . Mean OFIa decreased linearly from clinical class I to class IV (Fig. 9A ), but mean P50 in vivo, Vo2, and proportional extraction of oxygen were correlated with mean OFIa only in classes I through III. This relationship was broken when class IV subjects were examined (Fig. 9) . The lines in Fig. 9 do not represent the regression for the 49 individual observations. They are the best fit lines connecting the means of subjects in classes I through III. If V02 for class II, III, and IV subjects was recalculated at the P50 in vivo of class I The dependence of P50 std upon hemoglobin concentration in the present study was less than that observed in anemic subjects in our own (25) and other laboratories (26, 27) . This is likely due to the fact the blood pH and Hb/HbO2 ratio were dependent on other variables, as well as hemoglobin concentrations in these subjects. P50 std (i.e., red cell 2,3-DPG content) was most strongly associated with Cao2 and OFIa and the dependence of P50 on OFIa was significantly greater than on HFI, indicating the additional importance of oxygen saturation of hemoglobin. HFI explained, on the average, 35% of the variation in P50, whereas OFI explained 50% of the variation in P50.
In contrast to the reported results of Kostuk and colleagues (9), the changes observed in P50 std in our patients were nearly entirely dependent on changes in red cell 2,3-DPG content. The precise cause of the alterations in red cell 2,3-DPG with reduced arterial oxygen flow has been partially elucidated. Alkalosis in arterial blood was a constant feature in our subjects and correlated with OFIa and 2,3-DPG. Descriptive studies in man (28, 29) and animals (30) have indicated that an initial respiratory alkalosis in response to altitude hypoxia precedes a later elevation in red cell 2,3-DPG. A strong association of blood pH and red cell 2,3-DPG has also been shown in analytical studies of patients with changes in acid-base balance (25, (31) (32) (33) (34) (35) (36) . In addition, experimental studies in man have provided evidence of the causal dependence of red cell 2,3-DPG content on blood pH (22, 25, 32) . The possible role of elevated pH in modulating rates of enzyme activity leading to the heightened cellular 2,3-DPG levels have been discussed in detail previously (2, 30, 37) . Hence, blood pH could have been a causal intermediary between reduced OFIa and elevated 2,3-DPG. The association of pH with red cell 2,3-DPG in these studies was lower than correlations previously reported by others in various clinical disorders. The effect of pH on red cell 2,3-DPG is time-dependent and hence, the correlation of a single pH value with 2,3-DPG is at best an approximation, especially during an acutely changing clinical disorder. From the considerable evidence relating red cell 2,3-DPG to blood pH, we infer that the elevated blood pH in our subjects contributed to the elevated red cell 2,3-DPG.
When plasma alkalosis is the central stimulus to increased 2,3-DPCG elevation, little if any net reduction in oxygen binding by hemoglobin occurs in vivo, since the two opposing effects on red cell pH cancel each other (22, 25) . In our studies, although a significant regression of P50 in vivo on red cell 2,3-DPG was present, mean P30 in vivo for all the study subjects (25.5 (2, 37) . The acceleration of enzymes in these pathways as a result of binding of free 2,3-DPG to deoxygenated hemoglobin has been suggested as an additional contribution to an elevated red cell 2,3-DPG content.
Such an effect could decrease affinity without the cost of intracellular alkalosis, although the role of such an effect is speculative.
A proportional increase in the extraction of oxygen resulted in a similar oxygen consumption in the 13 subjects studied prospectively, despite a nearly threefold variation in OFIa. The mechanism for the increased extraction could not be fully explained. About one-third of the increase in oxygen removal with decreased OFIa may have been related to the decrease in hemoglobin-oxygen affinity. This partial effect of affinity change was also evident in the larger group of Subjects studied retrospectively, in whom about one-quarter to one-half of the increase in proportional extraction could be explained by affinity changes. However, 'o2 was maintained at "normal" levels, due to a heightened extraction from a reduced arterial oxygen flow even in the absence of an affinity change.
The possible clinical importance of the maintenance of X'o0 with decreased affinity, as seen in class III subjects, as contrasted to a lower Vo and failure to decrease affinity in class IV subjects, cannot be assessed from our data.
The failure to find an increased mean P-,o std (i.e. red cell 2,3-DPG) in the clinical class IV subjects could be related to three factors: first, the small number of observations in that group; second, the presence of nonalkalemic subjects; and third, the time required for red cell 2,3-DPG accumulation after alkalosis or arterial blood desaturation (22) . Three of the five subjects in class IV were first studied within 26 h of onset of symptoms. WN e anticipated the analyses of these data would be complicated by important temporal considerations. Even so, it was of interest to examine the usefulness of P3o std as an index of severity of infarction by correlating it with class early in the clinical evaluation.
P30 std or red cell 2,3-DPG proved to be as good an index of reduced blood flow or oxygen flow rate as Svo2 in the 13 subjects studied prospectively. However, these subjects were for the most part in class I or class II (10 of 13), all were alkalotic, and the studies were done, in almost all cases, more than 24 h after onset of symptoms. Svo2 appears to be the better of the two variables as an index of reduced OFIa, since its correlation with OFIa was not influenced by temporal considerations and did not appear to be affected by the presence or absence of affinity changes (see Table   IV ). Neither is a highly accurate predictive index of oxygen flow in an individual subject, since the 95% tolerance limits for OFIa for a given v or P30 std are too broad to be used precisely. Nevertheless, serial measurements of Svo2 may be of value, as has been previously suggested (26, 27) .
It has been suggested that red cell 2,3-DPG or its, counterpart P50, measured at pH 7.40 and Pco2 of 40 torr are biochemical indicators of tissue oxygenation (27) . The implication is that red cell 2,3-DPG increases as oxygen supply is compromised. This is not necessarily true if alkalosis or marked desaturation is not an accompanying event and if time-dependent changes have not occurred. Alkalosis appears to be a frequent response to reduced arterial oxygen flow rate, whether the latter occurs due to anemia, hypoxia, or low flow. However, in the presence of acidosis, even if Hb7HbO( is increased, changes in red cell 2,3-DPG are blunted.
This may explain the failure of 2,3-DPG to increase in certain subjects with hypoxic chronic pulmonary disease (40) and anemic subjects with severe azotemia (25) , each of whom are limited in their ability to develop alkalosis in response to reduced OFIa The initial hours of myocardial infarction in many subjects appear to be marked by respiratory alkalosis and therefore increased binding of oxygen by hemoglobin. This may impair oxygen delivery before adaptive red cell changes and contribute to the high rate of early complications. Acidosis, on the other hand, impairs the ability of the red cell to generate 2,3-DPG and may compromise a critical aspect of the later adaptation to falling arterial oxygen flow. Further examination of the role of acid-base changes after myocardial infarction should be made to determine what constitutes an optimal metabolic response and whether therapeutic modification of a deleterious response can be made.
